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Sea ice and icebergs are both carried by winds and currents into warmer waters, Melt water from sea ice; ice_

shelves, ice tongues, and icebergs does not contribute to sea level rise, because these ice masses already displace an

equivalent amount of sea water. However, sea level rise is caused by the flow of grounded glacial ice into the ocean

and by surface or subsurface melt water discharged from the glacier, if the sum of those amounts exceeds the

amount of ice accumulated from snowfall on the glacier or ice sheet.
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MISSION INTRODUCTION AND SCIENTIFIC. RATIONALE

Are the ice sheets that still blanket the Earth's poles growing or shrinking? Will global sea level rise or

fall? NASA's Earth Science Enterprise (ESE) has developed the ICESat mission to provide answers to

these and other questions to help fulfill NASA's mission to understand and protect our home planet.

The primary goal of ICESat is to quantify ice sheet mass balance and understand how changes in the

Earth's atmosphere and climate affect the polar ice masses and global sea level. ICESat will also measure

global distributions of clouds and. aerosols for studies of their effects on atmospheric processes and

global change, as well as land topography, sea ice, and vegetation cover.

Ice., she_ets are complex and dynamic elements of our climate system. Their evoluti.on has strongly

influenced sea level in the past and currently influences the global, sea. level, rise that threatens our

coasts. Ice streams that speed up, slow down, and change course illustrate their d.ynamic nature.

Atmospheric factors cause snowfall to varv in. space and time across their surfaces. In Antarctica, small

ice shelves continue to retreat along the Antarctic Peninsula, and large icebergs are released, from the

t e ice sheet margins are thinning and. the inland parts of the ice sheetlargest ice shelves. In Greenland., h-'

appear to be thickening. Surface meqtwater seeps into the, ice sheets and. accelerates their flow. Some of

the factors controlling the mass balance of the ice sheets, and their present and future influences on sea

level, are just beginning to be understood.

The ICESat_mission, part of NASA's Earth Observing System (EOS), is scheduled to launch in December

2002. The Geosclence Laser Altimeter System (GLAS) on !CESat will measure ice sheet eleva_ions,

changes in elevation through time, height proffiesof clouds and aerosols, land. elevations and vegetation.

cover, and approximate sea ice thickness. Future ICESat missions will extend and improve assessments

from the first mission, as welt as monitor ongoing changes. Together with other aspects of NASA's ESE

and current and planned EOS satellites, ICESat will enable scientists to studv the Earth s chmate and

ultimately, predict how ice sheets and. sea level will respond to future climate change.



..................................................................................................................................thic_ess.If theircollectiveStoredwater volume were released i_tO

the ocean;

ness of the ice sheets would cause a change in global sea level

of 8.3 cm (3.3 in). Their vast size and inhospitable environ-

ment make the ice sheets impossible to monitor completely

except via satellite.

Presently, new ice accumulates on the ice sheets at about 17

cm (7 in) per year averaged over Antarctica and 28 cm (11 in)

per year averaged over Greenland. Although most of the

Antarctic ice sheet has net ice accumulation, about 9% of

Greenland _has anet ice loss of 1.4 m due to melting in the summer.

Together, the volume of water required for this annual accumulation

of ice is equal to the removaI of 0.8 cm (0.3 in) of water from the entire.

surface of the Earth's oceans, .Approximately the same amount of water is returned

tothe oceans by melting of ice and :snow, by ice flow into the.floating ice shelves, and the direct

discharge of iceberg-s. However, the _exact amounts being gained or lost vary significantly from region to

region as well as:thr0ugh:_fime, The difference between the _total mass input and _.total mass output

(_a!led the mass balance), is important because itmight be as mu, ch_as:- + 20%::0f the mass input; which is

eqUivalent:to a sea t.eveI::::_::_'_iSeor fall of 01:::1:6_:_m(O:06:::in) per year,
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Fifteen th6_and yea_s ago, vast ice sheet_ c6_e_ed m_h 6f

................................................................................................................................North America and :parts °f Eurasia" tn Antarctica" the ice ................................................
..........................................................................................................................................................

sheet reached to the edge of the continental shelf, as much

as 200 km (125 mi) farther outto sea than tod?y. As the
climate warmedduring the end of the Iast Ice Age' much of

the Earth s ice cover me!ted i GlobaI sea Ie_ el rose rapIdly

..... by almost I00 m (030 ft)bet,a.een 1.4,000 and 6,000 years

ago. Although the average rise was about 1.,25 cmper year

.... (0,5 in), the total rise caused dramatic changes to coastlines

around the world,

The Antarctic and Greenland ice sheets, which are the most

significant remnants of that period, are currently reacting

to present and past climate changes. Global sea level is

believed to be rising about 2 cm (0.8 in) every 10 years, less

rapidly than at the end of the ice age, but still significant.

About 25% of the present rise is caused by thermal expan-

sion as the oceans warm, and about 25% by the melting of

small glaciers around the world. The remainder could be

due to ice loss from Greenland and Antarctica, but our
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Published data on sea level rise with time (Fairbanks, 1989).
Current sea level rise is about 2 cm per decade.

uncertainty of their actual contributions (plus or minus) is as large as the total rise in recent decades. Sea

level rise is also affected by human activities such as pumping of ground water, filling of reservoirs,

deforestation and biomass burning, and draining of wetlands. Although sea level changes are small in

any given year, sea level increases over the last 50 to 100 years have seriously impacted low-Iving

coastal regions through shoreline retreat, storm erosion, and coastal flooding. Future changes associated

with climate warming may cause an even greater threat to our populous coastal environments.

Of particular concern is the "marine" ice sheet in West Antarctica,

m.uch of which is grounded, on bedrock and sediment 1.500 m. (4900 ft)

below sea level. The three main components are:

1.) interior ice tha.t flows relatively slowly (10 m or

33 ft per year); 2) the fast-moving ice streams

that flow a hundred, times faster; and 3) the

floating ice shelves through which most of the

ice enters the ocean.. Some researchers believe

that if West Antarctica's ice shelves thinned

significantly, they woutd no longer restrain the

rate of ice discharge from the ice streams, tCESat's

muI.ti-year elevation-change data, combined with other remote

sensing data, as well as atmospheric, oceanic, and. ice flow models,

should enable more accurate predictions of ice-sheet changes.



iareaandthicknessofseaicesurroundingthe :
icesheets,andtherebyshortenor lengthenthe
moisturepathwayfor snowfall.Otherimpor-
tantprocessesincluderedistributionofnew
snowbywindandsublimationfromtheice
sheetsurface.

Atmosphericinteractionswith theicesheets
haveimmediateeffectsontheicesheetmass
balanceatthesurfaceandthereforecauseyear-
to-yeareffects on both the amount of water

stood and global sea level, In contrast; the rate
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Surface melt water ponds on the western flank of the Greenland ice sheet.

Co_r:_esyof Konra.d Steffen.

of ice flow tends to: respond slowly to climate change, over centuries or longer, as temperature and other

effects slowly propagate deep into the ice. However, the recent discovery of accelerations in ice flow

during periods: ofincreased summer melting in Greenland demonstrates a rapid dynamic response of

•the ice to:_climate change, Similarly in Antarctica, increases in surface and basal melting on ice shelves

causes_them to thin,_which_may !ead toan acce!eration of grounded ice discharge from. the interior.

At present, we dO not know whicheffect K_ilt have more impact 6fi_:_:th_ioveralI icesheet mass-increased
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......... to the Earth's surface and ...............................................................

from a pIatfoma moving 26,000 km (16,000 mi) per hour. In addition, ICESat _i!! be 600 km above the

..........Earth and the precise locations of the sateIIite in space and the laser beam on the surface below must be

determined at the same time.

The GLAS instrument on ICESat will measure preciseiy how long it takes for photons from a laser to .....

pass through the atmosphere, reflect off the surface or clouds, return through the atmosphere, collect in

the GLAS telescope, and trigger photon detectors. After halving the total travel time and applying

corrections for the speed of light through the atmosphere, the distance from ICESat to the laser footprint

on Earth's surface will be known. When each pulse is fired, ICESat will collect data for calculating

exactly where it is in space using GPS (Global Positioning System) receivers. The angle at which the

laser beam points relative to stars and the center of the Earth will be measured precisely with a star-

tracking camera that is integral to GLAS. The data on the distance to the laser footprint on the surface,

the position of the satellite in space, and the pointing of the laser are all combined to calculate the

elevation and position of each point measurement on the Earth.



,torepea measu interest s_ch as an e_pting volcano or a collapsing ice sheif. ...............................................................................................................
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ICESat wiII aIso provide detailed info_ation on the globat distribution of clouds and aerosols i To do

i this; G emits laser energy at both !0_ nm and 532 nmi as this allows co2Iocated eIevation and

atmospheric data to be obtained simUltaneoUSiy. _This Will' aid precise determination of the distance .....

between ICESat and the Earth, as it is important to know if the laser pulses have traveled through cloud

and aerosol layers. If present, these phenomena will diffuse the laser energy and extend the distance the

laser light photons travel by scattering.

Although ICESat's data on ice sheet surface elevations is

of primary importance, land and ocean elevation

data will be obtained around the globe along

ICESat's ground tracks. Data on elevation

............ ' ichanges of the world s oceans and c.e-

free landforms is expected to be of ....

g_at interest to the broader ......

l\t

't7

....:tionat fietd in unprecedented

d_tail; The GRACE data,:: in

water mass around the
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iS _6re g_Si fhan Antarctica to climate changes e_p_enced i_ fhe _aj6r p6pg!ati6_ _enters 6f

.................................................................................................................Euro pea nd N_h America, In con _ast to the An t arctic ice sh_t,f0rwNch most of thesurfaceremains ................................................................................................................

dunng summer. In the zone of net ablation below about 1200 m, all the winter snow pIus severaI meters

of ic e melts each year! Therefore, the mass balance of the Greenland ice sheet is ve_ sensitive to changes
........ in temperature and melting, as welt as to changes in accumulating snowfaI1. ...........................................................................................................................................................................................................................................................................................................................................................

..............................A NASA study of Greenland's ice sheet during the 1990s revealed rapid thinning at its margins, but also ...................

some thickening across portions of the interior, A NASA. aircraft flew a network of flight Iines with a ............................... :

laser altimeter and global positioning satellite receivers in 1993 and 1994 and re-surveyed the lines in

1998 and 1999. From these data, scientists reported that the ice sheet has thinned by more than I rn (3 ft)

per year on many coastal outlet glaciers and by as much as 9 m (30 ft) per year in a few areas. Scientists

estimated a net loss of approximately 50 cubic kilometers (12 cubic miles) of ice per year from the entire

ice sheet during the 1990s. This volume is sufficient to raise global sea level by 0.13 mm (0.005 inches)

per year, or about seven percent of the observed rate of rise in recent decades.

Explaining these observations and the ice and

climate processes causing them is the subject of

ongoing study by the Program for Arctic

Regional Climate Assessment (PARCA). This

joint effort by NASA and affiliated scientists

consists of combined remote sensing, fieldwork,

and modeling studies on the Greenland Ice

Sheet. !CESat will contribute to PARCA by

obtaining elevation data across Greenland

throughout the year in a more consistent

fashion than could ever be obtained by the

pioneering airborne effort. 65 °
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per year

The average elevation change for the grounded ice (excluding the

floating ice shelves) over this region is -4.3 cm (1.7 in) per year,

and the estimated average rate of bedrock uplift is 2.5 cm (1 in) per

year. Therefore, the estimated rate of ice thinning is 6.8 cm (2.7 in)

per year, which means a mass loss of 73 km 3 (17.5 mi 3) of ice per

year. The resulting contribution to sea level rise is 0.2 mm (0.008

in) per year from this part of West Antarctica. ICESat will improve

the resolution and accuracy of such measurements, especially

near the coast where steeper slopes limit radar altimetry, and

extend the measurement inland to 86 _ S.
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Spatial illustration of surface elevation change
across a part of West Antarctica from ERS-1 and -2
radar altimetry (Zwa!.1yet al_, 2002)_

AnalySis of the_E_l_ and 2 radar altimeter data on the northerly part of the Larsen Ice SheIf("Larsen

B') fOr the period t992 to 1999 (see pages 9 and !0) showed a lowering of the elevation oflthe ice shelf

I I ' i_C-| l

-21.7 cm/yr surface lowering Li::iiiiii

' /
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Aspredict_ beforehand by s¢ientists, the rapid thinning of the Earsen I_ S_If 1_ to a series ofdra
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January 31, 2002 (top !eft iwtage) _ Melt ponds; with light 51u_ f6_es, are obse_ea across much of the
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February !:7, 2002 (top right image)--Small events resulted in a number of icebergs with a variety of

;sizes calving from the ice shelf front. Melt ponds were stilI evident but appear to be diminished in

extent. The melt ponds became less obvious as the ice shelf began to break apart and water'drained ........................

through the ice shelf to the ocean below.

March 5, 2002 (bottom left image) --Collapse of the majority of the Larsen B ice shelf. Due to wind and

tidal forces, new icebergs now choke the embayment from the ice shelf front to the end of Robertson

Island. The light blue color is the result of the exposure of glacial ice as the ice fragments rotate from a

vertical to a horizontal position in the open water of the bay.

March 17, 2002 (bottom right image) Disintegration of the ice shelf margins continues with dispersal

of the ice shelf fragments due to wind and tidal forces. The area lost is about 3250 km 2 (1250 mi 2) or

approximately the area of Rhode Island, with a weight estimated at 720,000,000,000 tons.
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Antarctica, the

frozen continent, is

a landscape that has ....

long challenged and

intrigued humanity. This

image from Rad.arsat shows

spatial details with clarity

never previously achieved by

satellite observations. This

image serves to provide a context

for ICESat's measurements of surface ...........

elevation change. To illustrate the scale

of the ice mass that may influence global
....

sea level, keep in mind that the

Antarctic continent is approximately

two thirds the size of North America

or equivalent to the combined areas ....._i:i,
of the United States and Mexico.

....From. the Antarctic Peninsula, with ...._,,_}!}:'......
....iil}!i..

.............

..... -.,s progres-its fringing ice shei_e:, t!_at are

sively collapsing, to West Antarctica, with its

marine-based (below sea level) ice sheet and _::....

t_u;,e ice shelves, to East An.tarctica with its great
-

thickness (> 4,000 m or I2,000 ft), this continent s
............

surface featu.res are revealed in detail.
_:_..

..

.::_i_!}::::::iii::iii::::::i::::ii::i::i!:ii::ii_}_:.

!!

This Rad.arsat Antarctic Mapping Mission mosaic !ii!:

i.tIustrates tI_e complex surface that ICESat must meas-

• ......u.re throu gh ou t its miss io n. HIowe ve r, _t_.eimage ill us tra tes :: :.........................
,q '_ "x • :only the areaI or 2-dimensional character of this. ice ....heet, ICESat ....

will provide.... the needed 3rd dimension, surface elevation as well.....................as its change

ilCiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

!Rc_ss_ce Shei

i_iiiiiiiiiiiiiiP_.......

by the bright radar returns from their crevassed (fractured)..... margins that reflect radar energy more effi-

cientlv than surrounding unfractured interior ice! These ice streams are vast rivers of ice that flow up to

100 times faster than the ice they c!_anneI through, with speeds up to 1 km (3000 ft) per year. Some ice

streams in East .Antarctica extend almost 800 km (500 mi). They have changed their velocity and flow

patterns in response to factors that are just nov,," beginning to be understood through field research

supported by intermittent satdiite data. Ice streams form the most dynamic parts of the Antarctic ice
..... _ _' -.

....
.....

...........
..........

through time, Note the huge Ronne-Filchner and Ross Ice Shelves that have produced, huge icebergs

since this mosaic _as obtained.. The twisted patterns of ice draining from the interior of the ice sheet out

to the ice sh.d_e,., are extraordinary. Al.though not distinct at d_is resolution, ice streams can be identified ...... .......



on other satellites wilI provide
....

............ context for this mission's

elevation change data.

....

ii



i_rar_ heat

radia_on. Accurate knowIedge of the _pe a_d
............................

........................

; s_dieSi;Like _Io_ds;

surface and heat the atmosphere by scattering and

absorbing solar radiation. In general terms, aerosols

are distinguished from clouds by existing at humidity

levels below saturation and by a particle size which is

typically 10 to 100 times smaller than cloud droplets.

Illustration of varying cloud optical thicknesses from the

highest thinnest cloud (upper right) to the dense low-lying
clouds (lower left). Courtesy of Art Rangno.

The laser profiling measurements from GLAS are a fundamentally new way to study the atmosphere

from space. To better understand climate, scientists need to distinguish the multiple cloud and aerosol

layers that typically exist in the atmosphere. Other satellite remote-sensing techniques currently in use

are limited: to passive observations, i.e. the sensor images the Earth at a given wavelength but views all

atmospheric tayers simultaneously.: Another issue is that such passive instruments cannot measure the

height of Iayers sufficiently to fully

understand the:rote of clouds in global

climate change,i The GLAS instrument
on ICESat will:enable the accurate,

multi'year height profiling of atmos-

from space for the first: ._:time .
::::: :-__::_:: i: ::::::::::::::::::::::::::::::::::::::.......

GLAS cloUd:andaerosoI measurements

will ai_6 _prove studies of ot_er :_os :_
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radiative signatures of clouds are hard to distinguish from that of

_iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii_iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

........iiiiiiiiiiiiiiiiiiiiiiii,'iiii

clouds m these:regions are complex,:and: require .......... typical cirrus ...." ....._'

; considerable data analysis, The GLAS instrument wilI enab!e _., :_':_(_v:........................,,.._ _ :,-. ....

unambiguous detection of all but the thinnest atmospheric layers MOI)_S Sc:_c_c_:_ca_:_

and this will permit the development of consistent climatologies

of the Arctic and Antarctic. GLAS measurements will also

improve studies of polar stratospheric clouds that facilitate

depleted atmospheric ozone.

Understanding the role of haze

aerosols is also an issue for climate

change researchers. Atmospheric

aerosols globally impact radiative

transfer of energy and also influ-

ences cloud formation. In addition,

the fertilization for biological

activity of large parts of the ocean

and parts of the tropical rain forest

occur by aerosol transport.

Significantly, aerosol distribution

and characteristics are highly vari-

able and complex. Aerosols are

transported around the world by i

winds that can change dramatically

with altitude, butno existing

observation can reliably give the

height of aeros01 layers, The GLAS

a erosoI profi_!i_i_ibea:uni qu e

and crifi_aI_:_0ntrib_ti!0n_::t0_:_earth

science and global change research.

vi.ew Se__s6::_ii_:_:f_i_ie_i_ilI_a !a_*ge pi t.m:_e ofae._osol.s blowi:i_g::ea.s{:_;iard, over t:be

N(::v_I_A fla-__fic::()cca_:_,Co_nesy of _he SeaWiFS P_:'qiec_.,
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................................................................................................................................................._e_ _es_.i....._e _d_N..N....._....__...._.....,_e __I_fi_e _uI o the _e_ i_ _.._h_e .......................................................................................................................................................................................................

e_e_ {__gN {_e i Mea__N{ _ la__e { emeerties, including elevafi_ _1_ i _ e_
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_ developm_t, na_ation, a_ _casting the occurrence an d impact of natura 1 ha zardssuch as volcani_

6_pti6_, iaha_iia6_, fl6_s, a_d wi!a fires!

The ICESat pmfi!es will provide a global sampling Of the elevatio, of the Earth;s land surface with

unprecedented ac_racy. This giobalIy_eonsistent grid of high2accuracy elevatiOn data wilI be used asa

reference framework to evaluate and improve the accuracy of topographic maps acquired by other air-

borne and space-based methods such as conventional stereo-photogrammetry and radar interferometry.

In particular, ICESat profiles will be combined with the near-global mapping accomplished by the

Shuttle Radar Topography Mission to greatly improve our knowledge of the Earth's topography. Also,

using ICESat's consistent global framework, topographic maps acquired through time using a variety of

methods can be better co-registered, enabling long-term observations of topographic changes.

Dramatic topographic and vegetation cover change can be caused
by natural hazards. This is illustrated here by two views of Mt. St.
Helen s. Washingtom from Spirit Lake before (upper) and after
{lower) the May: 1:8,I980 eruption. The upper picture is courtesy of
Jim Nie!and and the k_wcr picture is courmsy of the USGS
Ca_cades': :Volc_moObse_rv':_m:rvThe satel:iite view of Mr: Helc_s

,. ...... . . : ...... . ...... _ ................ _..: ..... ,_ ...... . ...... .... .............................

(:_igh:t:::image):shows:the ejected debris field outside the: crater and ;is

_i!i;!i!i!!il;!i!i!iiiii
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!ake!evels, seasonalsnow-pack dynamics, glacier surges and_ retreats, soil erosion, and migration of

desert sand sh_ts._ The global access of ICESat's elevation prOffiing will add the height dimension to

images of the dynamic Earth acquired by other orbital remote sensing instruments.

In addition tO acquiring elevation data, ICESat's measurement of the laser pulse return shape provides

unique information about the height distribution of the surface features within each laser footprint. In

areas lacking vegetation cover, this is a measure of relief (ground slope and roughness), an indication of

the intensity of geomorphic processes. In vegetated areas of low relief, the elevation of the ground and

the height and density

of the vegetation cover

can be inferred from

the return pulse. The

vegetation observations

enable estimation of

above-ground biomass

and its loss due to

deforestation, an

important component

of the carbon cycle.
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_ _ _ pr0fitet-heverticaldistributionofcioudsandaerosoisona
globalscale.GLASisintegratedontotheICESatspacecraft
built byBallAerospace.ICESatwill belaunchedintoanear-
polarorbitthatisslightlyinclinedrelativeto theequator,so
thatit will covertheEarthfrom86°N to86° S.

zenith-facingside.CourtesyoftheGLAS
InstrumentTeam.

GLASwill measuretheverticaldistancefromorbitto the
Earth'ssurface40timesasecondwithpulsesfromaND:YAG
laser.EachGLASlaserpulseat1064nmcanyieldasingle
distancemeasurementaswellasotherinformationaboutthe
characteroftheEarth'ssurface.On_Earth,thelaserfootprints

ft)center,to-centerspacing.TheGLASreceiverusesal m (3ft)
diametertelescopeto collectthereflectedt064nm laserlight
andiadetectorthatpreciselytimestheoutgoingandreflected TheGLASinstrumentfollowingfinalassem-
laserpulses.A digitizerrecordseach.transmittedandreflected_ bIyandtestin,g_a__.NA.S!,!)__Godd.ardSpaceFi.ight_Cen!_:e_>C.ourtesv_ftieGLAS
laserpulsewith_:_lnano_Se_6nd(ns)re.solUtiort. :tn.strumem_:::Team:_

' ::::: ...... : " ..... i : i

....!!!!......................



i ',ili+iiiii++ii i iiiiiiiiiiiiiiiiiiiii!ii !iiii iiTiYiiiiTiiiiiiTiiiiiiiiiiiiiii
_ttttttttttttttttttttttttttttttt_ttttttttttttttt_ttttttttttttttttttttttt_t_tttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttt_;_tttttt_;_tttttttttt_ttttttttt_ttttttttt_tt_ttttttttttttttt_¢_ttt_ttttttttttttttttttttttttttttttttttttttttttttt_t_tttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttt_;_tttttttttttttttttttttttttttttttttttttt_t_tttttt_______

iiii]iiiiiiii]iiiiiiiii]i]!iiiiiiiii!iiiiliiiiili!iiiiiiiiiiiiiiiiiiiii!iiiiiii!iliiiiiii!iiiiiiiiiiiiiiiiiiii!iiiiiiiiiiiiiiliiiii#iiliiiiiiiiiiiii!iiiiiiiiiiiiiiiiiiili!iiiiiiiiiiiiiiiiiiiliiiiiiiiiiiiiiiiiiiliiiii!i!iiiiiiiiiiiiiiiiiiiiiiiiiii]iiiiiii]i]iii]i]iiiiiiiiiiiiiiiiiiiiiliiiiiiiiiiiiiii!ili!i!iii!i!i!i}iiiiiiiiiliiiiiiiliiiiiiiiiiii!iiii!iiiiiiiiiiiiiiiiiiii!iii!iiiiiiiiiiiiiiii}ili!iiiiiliiiiiliiiiiiiliiiiiii!i!iliii!iii!iiiiiiiliiiiiliiiii!iii!iiiiiiiiiiiiiiiiiiiiii]iiiiiiiiiiiiiiiiiiiii]iii]iiiiiiiiiiiiiiiiiiiii]iiii]]iiiiiii!iiiiiiiiiiiiiiif!iliiiiiiiiiii]iiiii]i]iiii]i]ii]ii]iiiii]i]]i]iiiiiiiiiiiiiii]iiiii]iii]i]iiiiiiiiiiiiiii]iii]i]i]i]iiiii]iiiii]iii]iiiiiiiiiiiiii]iiiii]]]iiiiii]i]iiiii]ii]iiiiiiiiiiiiiiiiiiii]iiiiiiiii]iiiiiiiii]ii]]]iiiiiii]i]ii]ii]]ii]i]i]iii]iii]iii]i]i]i]]iiiii]iiiiiiiii]i]iiiiiii]iii]i]iiiii]iiiiiiiiiiiii]iiiiiiiiiiiiiiii]iii]ii]]]ii]]iiiiiiiiiii]ii]iii]i]iiiiiiii]iiiiiii]!iiiiii!iiiiiiiii]i]i]]ii]ii]]]]iii]]ii]ii]i]i]i]iiiii]]iiii]iiiiiii]i]i]i]i]iiiiiiiiiiii]iiiiiiiiiiiiiiiiiiiiiiii]]]i]i]ii]]i]ii]ii]i]i]i]i]iii]]iii]iiiiiiiiiiiiiiiii]iiiiiiiiii]iii]iiiiiiiii]iiiii]ii]i]i]i]]iiiiiii]iii]iiiiiiii]]iiiiiiiii]iiiiiiiiiii]i]i]ii]]]iiiii]iiiiiiii]i]i]i]i]]]ii]iiii

:{+i+i+i+i+i+iiiiiiiiiiiiiiiiiiiii+i{iiiiiiiiiiii+iii+iii+i+i+i+i+i+i+++++++++++++i+++++++++++++++++++++++i+i+++i+i+i+i+iiiii+++++++++++++i+++i+iiiiiiiii+iiiiiiii++++++i+++++i+i+i+i+{+i+++i+i+iii+iii+iii+i+i+i+i+i+iiiii+iii+iiiii+iii+i+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+i+i+i+i+++++++++++i+++++++i+i+++i+++++++++++++++++++++i+i+i+i+i+i+i+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+iii+iii{i+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+iii+iiiiiiiiiiiiiiiiiii{iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii{iiiiiiiiiiiiiiiiiiii+i+iiiii+i+i+iiiiiiiiiiiiiiiiiiiii+i+i+iiiii+++i+++i+++{+i+i+i+{+i+i+i+i+i+++++++++iii+iiiiiiiiiiiiiiiiiiii+i+iii!iii+i+i+i+i+i+i+iii+iiiii{i+i{iiiiiiiiiiiiiiiiiiiiiiiii{iiiii+iiiii{iii++{i+i+i+iiiii+iii+iii+i+{+i+{+{+i+i+i+i+i+i+i+i+i+i+iiiii{iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+i+i+i{i+iiiii{iiiiiii+i+i+i+iii{i+iii+i+i+i+i+i!iii+i+i+i+i+{+i+++{+i+{+i+{+iii+i+i+i+i+ii+i{i+i+i+i+i++++++iiiiiiiiiii:iii+iii{{ii+iiiiiiiiiii+iii+{+{+i++i{++i++{!+i+i+i{!{+iiiiii{!{+++i+i+i+i+i+i+i+i+i+i+iiiiiiiiiiiii+iii+iiiii+iiiiiiiiiiiiiiiiiiiiiii+iii+i{iiiiiiiiiiiiiii+i+i+i+i+i+iiiiiiiiii
+_+_iiiiilii{i+i+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiilii+iiiii+++i+++++++i+i+iil++i+++i++++i+i+iii+iiiiiiiiiiiiiii+i+++++++i+iiiiiiiiiiiiiiiiiiiiiiiiiiiii+i+i+i+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+iii+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+i+i+iii+i+i+i+++++++i+i+i+i+i+i+i+i+i+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+iiiiiiiiiiiiiiiiiiiiiiiiii!iiii+iiiii+iii{iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+i{iiiiiii+i+i+_+_+++i+;iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii+iiiiiiiiiiiiiiiili_iii!iiiii_i+i_i_+_ii+;+_+_+i+!+i+!ii++iiiiiiiiii+iiiii+iii+iiiiiiiiiiiiiii+i+i+i+i{iiiiiiii+ii{iiiii+i+i+i+i+i+i{iiiiii+iiiiiiiii+i_+iiiii+i+i+i+++iiiiiiii;ii+i+i+i+i+i+_+i+_+:+!+:+_+_+i+i+_+i+i+i+i+!+i+:+!+:+_+_i:+_+i+i+i+i+i+i+i+!ii+iiiiiiliiii+i+iii+i++i!iiiliiili+ii+iiiiiiiiiiiiiiliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
i:iiiiiii!i!iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii_iiiiiiiiiiiiiiiiiiiiiiiiiiiiiii_iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii_iiiiiiiii_iii_iiiiiiiiiiiiiiiiiii_iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!i!iii_iliiiii_iiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiliiiiiiiiiiiiiiiii!iiiiiiiiiiiiiiiiiiiiiiiii_iiiiiiiiiii!iiiiiii+i_ili_i_i_i:i_ili!i_!:!_iii_i_!i_!_!_i_i_ili:i;ii!_i_iiiii_i_i_i_i:i_i_i!iiiiiii+iiiiiiili!iliiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!i!i!i!iii!i!iiiiiiiii+iiiii+i:i_i_i!i3ii!

iiliil ii:i_iiiiiii:i:i!iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii_iiiii!iliiiiiiii!i!ii?ili!ili_iliiiiiii_iii:i_i:i% iiiiiiiiiiiiiiiiiiili:iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii!iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii:iii_iiiiiiiliii:iiiii_i:iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii_ii_i_iiiiiiiii_ii_i_i_iiiii_i_i_i_i_ii_iiii___i_i_i___i_i_iiiiiiiiiiiiiiiiiii_iiiiiiiiiiiiiiiiiiiiiiii:ii:!;i?!i:i;i;i:i:ii!!;iiiii i_ii:_!:!:i:!ii;ili;i;iiii%ili3i:i;i ij i;i_ili:i:iiii:iiiiiiiij ij i_i_i!!ii!_&:_!'!L:::!!:iiii:i_ijj ijiiii ijliiiii!i:iij?i:iii:i_i:i!iii_i_i:i_i_i:i_i_i_iii!iii!i:i_ij!i_i:i_i:i_iiiiiiiii!iiiiiii!i!i_i!iiiiiii!ii

GL_+wi!l a!so+measu_ t_e verti ca I dist_Butions o f douds anda __b_ reco rdin g v ertic aI p ro files o f ::::::::::::::: ::::::::::::::::::::
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and echo _ulse sNape from thicker clouds. T_e lidar recefver at 532 nm uses a narrow bandwidth etaIon

erand Bighl sensitive photon c ountingdetectors The 532 nmbac_catterprofiles willbe usedto
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Star Tracker

Radiator

Stellar Reference System

Main Optical Bench

Graphical illustration of the GLAS instrument showing

Laser-1 fh, ing a laser pulse (in green) toward Earth.

Courtesy of the GLAS Instrument Team.
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saence aIgori_s and is res_ns_ble for all science data processing, as well as the generation of science

data products.

A Delta Ii launch vehicle will carry ICESat; as well as a second payload called CHIPSaL into a near':

polar low Earth orbit of approximately 600 kilometers altitude: The Delta II wilI be launched from Space

Launch Complex-Two (SLC-2), Western Test Range, Vandenberg Air Force Base, California in mid-

December, 2002. While on orbit, ICESat achieves +_10arcsec pointing accuracy and ~2 arcsec pointing

knowledge. To accomplish this, a three-axis stabilized attitude control system composed of two star

trackers, four reaction wheels, a hemispherical resonator gyroscope on the GLAS instrument, 15 coarse

sun sensors, three magnetometers, and three torque rods is used. Orbital position is derived from a

redundant set of NASA JPL "Blackjack" GPS receivers and a global network of ground receivers,

provided by the International GPS Service. Additional orbit position information is obtained from the

International Laser Ranging Service, a network of ground laser stations that will use a laser retroreflec-

tor mounted on the nadir (earth-facing) side of ICESat. While on orbit, the spacecraft will communicate

with the Earth Observing System (EOS)Polar Ground Stations (EPGS) four times a day over X-Band

and S-Band radio frequency channels.

ii_ii!il

...............:?:_.
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i_!! _iOnce !CESat iiis on _iorbit, mission opera tions will icond u cted by two organizations, Th e E arth _ience

e University of Co lora do,sEabora to, for Atmosphere and Space Physics (EASP)tea_ __ Bail

AerOSpace _llp*O_id6 _ission operations and flight dy_a_i_ supp6_i _he GLAS data are _ec6rd_d

..... b y t he o n-boa_d_Iid Sta te R eco rd e r an d a re p!ay_ ba c kd u _ng sch _ u Ied con _ ¢ tsvia X-band down-

link communi_afions. _e ICESat Science Investigator Processing System (I-SI_) at GSK wiI1 conduct

data processing and generation of products with support from the Center for Space Research fCSR) at

the University of Texas, Austin. The NationaI Snow and Ice Data Center (NSIDC), located at the

University of Colorado in BouI&r, wiI1 archive and distribute ICESat data products to the scientific .................................

..... community and other users. The_ interactions of these organizations are summarized in the chart below.

In the 60 days. foUowing launch, ICESat will undergo a series of tests to establish that all systems are

functioning within specifications in the orbital environment. This commissioning phase_Willb_fOltowed

by a period, of intense" activity to verify the performance of GLAS and all related systems. The objective

of this intense period (calibration/validation or caI/vaI), is to help insure that geophysical interpreta-

tions can be drawn from the data products. Cal/vaI includes evaluation of the GLAS measurements

against ground truth observations, A variety of instrumented and precisely mapped ground-truth sites

will be used, in.cluding dry lakebeds, landscapes with undulating surface topography, and the ocean, all

of which will be periodically scanned..
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EPGS E0SPolarGround m(AiaskaandSval_rd) LSM _!e=M_hanism iiiiiiiiiii_iiiiiiiiiii_iiiiiiiiiiiii;iiiii_i_i_iiiii_iiiiiii_iiiiiii;iiiiiiiiiii_iiiii;i_iiiii!i_i_iiiiiiiii;iii;
ESD!S _hS_i_Oataa,dinf0rm_onsystem NASA N_tio_lAe=a_tcsandSpeceAdmini ion
FOV Fibld _ Vi_ ND:YAG_;_;_;_;_ymium:¥ttdum Aluminum Garnet

........ i!_i!_ G_S Geosci_ce Laser Altimeter System NSI_ ......N_onal sn_ and Ice Data Center i _i_

.......................................GPS ;_ Global _Sltioning System PAD _......_;_/i_P_lSi0n Attitude Determination
i GRACE Gravi_Recovery. and Climate Experiment POD Pr_isi_Orbit...... Determination

GSFC Go_a_Space Flight Center SAR SynthetiC Aperture Radar
ICESat Ice_iCl_d_ and land Elevation Satellite SCF Sci_iCom_tng_iFacility _
I-SIPS tCE_t!_!_ience investigator-led Processing System SLR SatelUte _r_Ranging
IST _/nStrument Star Tracker SPCM Single Photon Counting Module
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.... pproach:
GLAS has 3 lasers, a single laser operates at any given time

Each Nd:YAG laser has 3 stages and emits pulses at 1064 and 532 nm
continuously at 40 Hz

Precison orbital and pointing knowledge will be obtained via redundant
GPS units, a gyro system, a laser reference sensor, and instrument-
mounted star trackers, and ground-based laser ranging

Thermal control by heat pipes and radiators supplemented by heaters

Measurement Characteristics:
IHz); ground track is ~70 m "spots"

th_i',',i',__y! gmund;tmckrepeat cycle (115-kmspacing_at equator and 2,5
kmspacing at 80_'latitude); orbit inclination is 94 °

..... . ,

GLAS to point within 30 arc_:roII, 30
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